The methyl group assignments of the small building block were obtained by traditional TROSY--based NMR methods. (b) Assignments of methyl group resonances were completed using a mutagenesis approach where individual isoleucine residues were mutated to alternative amino acids such that the corresponding resonance disappears from the methyl TROSY spectrum. Here, I110 was mutated to a methionine, which resulted in the straightforward assignment of the methyl group of residue 110. (a) Naturally occurring isoleucine residues (shown in yellow) only cover a small portion of the surface of the Rrp4 cap (shown in blue). The NMR invisible Rrp41--Rrp42 exosome core is shown in gray. (b) As in (a), but in this case all methionine reporter residues that we introduced (one at a time) are also displayed in yellow. Methionine scanning thus significantly increases the surface coverage on the Rrp4 cap allowing for an accurate mapping of the RNA interaction surface. (c) Location of all natural isoleucine and methionine residues as well as the residues that are used for methionine scanning. Note that all residues appear three times on the surface, but have only been labeled once for clarity. Residues labeled in grey are unassigned, residues labeled in cyan are outside the RNA binding groove and residues labeled in orange are inside the RNA binding groove.
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Natural amino acids surface coverage Methionine scanning surface coverage   I9   I30   I36   I39   I61   I220  I168   I186  I206   I75  I127   I72   I130   I137   I110   N153   K146   K144   V140  N190  D74   N73   N171   K54  K38   V112  N111   S109  S103  S106  R108  R118  V83   I16   I85  K97   G107  I211   I159   I208  I157   I214   R14  K170 The unstructured N--terminus of Rrp4 contains three methionine residues (M--1, M1 and M3). These flexible methyl groups result in a strong signal in the methyl TROSY spectrum (black). Mutation of these methionines into serines results in a significant simplification of the methionine part of the methyl TROSY spectrum (pink; left), without changing the structure of the complex as judged from the minimal changes in the isoleucine part of the spectrum (right spectrum). In addition, these mutations had no effect on the activity of the complex (right). In our study, we refer to this Rrp4 protein (Rrp4_3MS) that lacks these strong signals in the methionine part of the spectrum as the WT protein.
Resonances indicated with an asterisk result from truncation artifacts that arise during the processing of the NMR data. Position M--1 was introduced in the Rrp4 protein due to the cloning of the DNA construct into the overexpression vector.
(b) Example of a reporter methionine that resulted in a partial destabilization of the Rrp4 protein in the Rrp4--exosome complex (K71M). It should be noted that such a destabilizing effect was only observed in one case and that this is not a general bottleneck of the applied methodology. Nevertheless, the close inspection of the spectra is required to assess the effects of the introduced mutations. Here, the K171M mutation shows multiple new resonances in the methionine part of the spectrum (left). At the same time, a significant number of additional resonances arise in the isoleucine part of the spectrum. Both are clear indications that the K171M mutation is not folded in the same stable manner as the WT Rrp4 protein in complex with the exosome. The K171M Rrp4 methionine reporter mutant was not used for further binding studies.
(c) For the S203M mutant we observed two additional resonances in the methionine part of the spectrum that are due to the partial formation of the C184--C198 disulfide bond within the Rrp4 monomer. Since we observed that the exosome's interaction with the RNA substrate remains unaltered under oxidizing conditions and that the presence of reducing agents causes doubling of certain resonances from isoleucine residues around the mentioned cysteines, we performed our NMR measurements in the absence of any reducing agent. The formation of this disulfide bond is also visible in one of the published crystal structures of the Rrp4--exosome complex (Right, PDB: 3L7Z) 1 . In that study the disulfide bond leads to a break in the symmetry of the trimetric Rrp4 cap in the crystal structure. Example of a reporter methionine that is outside the RNA binding groove. The introduced methionine reporter (K38M) is located in the NTD and results in the appearance of a single new resonance in the methionine part of the NMR spectrum (top left, black spectrum: WT; pink spectrum: K38M). The reporter methionine resonance can be assigned instantaneously (top left spectrum) and only causes minor CSPs in the naturally occurring isoleucine and methionine resonances (top left and top right spectra). Addition of RNA to the K38M Rrp4--exosome complex results in CSPs of the naturally occurring isoleucine residues (bottom right spectrum) that are comparable to the CSPs observed for the WT protein (compare: Fig. 1b) , showing that the RNA interacts normally with the complex. The K38M reporter methionine resonance fails to show CSPs (bottom left spectrum) indicating that residue K38 is not part of the RNA interaction interface. A cartoon displaying this scenario is shown on the top right. All reporter methionine and natural isoleucine residues that we determined to be outside the RNA interaction site are shown in cyan on the structure of the complex (bottom right). Supplementary Fig. 4 , but for the case where the reporter methionine (N171M) is inside the RNA interaction groove. The reporter methionine appears as a single novel resonance in the methionine part of the spectrum (top left spectrum) and causes minor CSPs of resonances close to the site of mutation (top right spectrum). Addition of RNA results in CSPs of the introduced reporter methionine (bottom left spectrum) and of the naturally occurring isoleucine residues (bottom right spectrum). A summary of this scenario is shown as a cartoon on the top right and occurred for all residues that are indicated in orange on the surface of the complex (bottom right)
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Supplementary Figure 6 | Reported methionine residues in the pore of Rrp4.
(a) As in S4 and S5, where the reporter methionine is located in the RNA entrance pore of Rrp4. The reporter methionine (S103M) can be assigned in a straightforward manner (top left spectrum) and causes only minor CSPs in residues that are close to the site of mutation (top right spectrum). Addition of RNA results in a splitting of the resonance of the reporter methionine (bottom left spectrum) and CSPs in the naturally occurring isoleucine residues that are comparable to the ones observed in the titration experiments with WT Rrp4--exosome (compare: Fig. 1b) . A cartoon for this situation is shown on the top right and all sites that show this behavior are indicated with orange on the surface of the protein (bottom right). The splitting of resonances indicates that for those residues the RNA is in slow exchange on the NMR chemical shift timescale between the free and the bound form. This suggests that the RNA has a different affinity for the complex as was observed in S5.
(b) The boxed region of the bottom right spectrum in (A) is enlarged (left spectrum) and shows that I110, that is located in the Rrp4 pore, also undergoes a signal splitting upon addition of RNA. The observed signal splitting is not due to the reporter methionine (S103M) as we also observe the same splitting of I110 in the WT protein upon addition of RNA (right spectrum). The signal splitting we observe for a number of residues is thus a general phenomenon and not due to the introduced methionine residues.
S14

Supplementary Figure 7 | Identification of local hot spot residues.
(a) The resonance of the reporter methionine K170M is identified in a straightforward manner (top left spectrum) and only causes minor CSPs in the isoleucine residues (top right spectrum). Addition of RNA to the K170M mutant does not result in CSPs of the reporter methionine (bottom left spectrum), but also fails to induce the CSPs that we observed for the WT protein in the isoleucine residues (bottom right spectrum, compare: Fig. 1b) . This indicates that the K170M mutation interferes with the RNA interaction as indicated by the cartoon (top tight). A summary of the hot--spots is shown in red on the surface of the complex (bottom right). (b) Right: Enlarged view of the boxed region of the bottom right spectrum in (a). Despite the loss of many CSPs in the RNA titration of the K170M mutant, residue I110, that is located in the pore, displays CSPs that are the same as for the RNA titration with the WT protein (middle). This shows that the K170M mutation resulted in a local loss of the RNA:Rrp4 interaction at the periphery of the complex, but that the RNA was still able to interact with the Rrp4 pore region. K170 is thus a local hot--spot in the complex. Not only K170 is part of the hot--spot region and also other mutations in the KH loop region (e.g. R166E) resulted in a local loss of the RNA affinity without perturbing the interactions at the RNA pore (right spectrum).
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Supplementary Figure 8 | Known RNA interactions of NTDs, S1 and KH domains.
A DALI search 2 using the NTD, S1 or KH domain of the Rrp4 protein (2JEA, REF 3 ) was performed and structures containing nucleic acids were selected. These protein--RNA complexes were then superimposed on the NTD (a), S1 (b) or KH (c) domains of the Rrp4 protein to assess if the RNA binding site that we map here compares to the RNA interaction sites that have previously been found in these protein domains. The Rrp4 domains are shown in blue, where the residues that we mapped to the interaction interface are shown in red. The domains found using the DALI search are shown in light green, where the RNA in those complexes is shown in orange. For the NTD (a), residues that we identified have not been identified to be involved in RNA interactions in structural homologues. For the S1 and KH domains (b, c), the surface that we identified corresponds to surfaces of these domains that have previously been shown to be involved in RNA interactions. 3  or  4 , where the RNA that interacts strongly with the 4 Rrp4--exosome contact points is indicated in green; L refers to the RNA ligand and PL to the protein complex with one ligand. PLa, PLb and PLc refer to the situations where the ligand is bound to site A, B or C, respectively). The on--rate (kon) and the off--rate (koff1) that are associated with this binding event are indicated. In the fitting procedure, we fix the affinity of the first interaction to the affinity that we determined based on fluorescence anisotropy experiments (Talbe 1 of the main text). Subsequently a second RNA can be recruited to the Rrp4--exosome to form a complex with two bound RNAs (complexes 5 to 10, where the RNA that only interacts with the Rrp4 cap is indicated in pink. PLxy refers to a protein complex that has ligand bound to sites X and Y). The second RNA is bound weaker than the first RNA. The on--rate for this complex formation (kon) and the off--rate (koff23) are indicated. To reduce the number of fitting parameters, we assume that the on--rate for the binding of the first RNA and the second RNA are identical. The Rrp4--exosome complex that contains two RNA species can recruit a third RNA (complex 11, 12 or 13, where the third RNA only interacts with Rrp4 cap is also indicated in pink). The associated on--and off--rates for the third binding event are assumed to be identical to those for the second RNA binding event as the same interaction points are involved. The 5' end of the RNA that is bound to the exosome core (first RNA interaction; indicated in green) can dissociate from the Rrp4 cap due to the very small intrinsic binding energy for the interaction between the Rrp4 cap and the 5' end of the RNA (see Table  1 ). In case this occurs for e.g. complex 2 (or 3 or 4), this leads to the formation of complex 14 (where PLf, refers to a protein complex with one ligand that has a 5' end that is released or freed from the cap). The RNA that is bound only to the core (and not to the Rrp4 cap) is indicated in orange in the cartoon. Likewise, the dissociation of the 5' end of the substrate for the first bound RNA can convert complexes 5 to 10 into complexes 15 to 17 and complexes 11 to 13 into complexes 18 to 20. We describe this exchange process with the on--and off--rates konC and koffC (where "C" refers to the Cap").
The interaction between three RNA species and the Rrp4--exosome complex can thus be accurately described using 20 different microscopic states and a set of 5 exchange parameters (kon, koff1, koff23, konC and koffC). The exchange parameters kon and koff1 determine the affinity for the first RNA binding event, the exchange parameters kon and koff23 determine the affinity for the second and third RNA binding event and the exchange parameters konC and koffC determine the fraction where the RNA that binds to the core has a 5' end that is released from the cap. S21   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19 were determined based on the extracted exchange parameters in an iterative manner. The relaxation rates and resonance frequencies of the free resonance were directly extracted from the NMR spectra. The relaxation rates and resonance frequencies of the bound state were estimated from the spectra and subsequently optimized in the global fitting procedure, as these parameters cannot be accurately determined based on the spectra (due to less than 100% saturation of all binding sites at the last step of the titration experiment). To extract the exchange parameters (kon, koff23, konC and koffC) these were optimized to minimize the square of the difference between the experimental and simulated NMR spectra. Koff1 is determined based on the measured affinity for the first binding event (67.5 nM; Table 1 ) and kon. In addition, for each residue a single scaling factor is optimized to correct for differences in signal intensity between residues and for each spectrum a single scaling factor is optimized to correct for slight changes in the intensity in different titration points (e.g. due to loss in protein during the titration experiment due to extended measurement times and due to small differences that result from potential imperfections shimming and pulse calibrations). In total 8 different residues (M85, I130, I159, I168, I208, I72, I16 and I110) were fitted to the global exchange parameters simultaneously. Errors in the exchange parameters were based on a Jackknife approach, where the fitting routine was repeated eight times with a dataset where a single residue was excluded. 
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Supplementary Figure  12 | Experimental and back--calculated NMR spectra during the addition of RNA to the Rrp4--exosome. 1D traces extracted from the 2D NMR spectra (red dots; experimental data) superimposed on the spectra that are back--calculated based on the determined exchange parameters (blue lines). All residues and all spectra have been simultaneously fitted to determine the associated exchange parameters.
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Supplementary Figure 13 | Populations of the different states
Left: Populations of the Rrp4 exosome complex with no, one, two or three RNA molecules bound during the NMR titration experiment. The curves are based on the affinities of the first and subsequent (second and third) RNA binding events. Right, as the plot on the left, but where is distinguished between states where the 5' end that is bound (*) or released (**) from the cap structure. The states refer to the states in Supplementary Fig. 10a . The KonC and KoffC values that we obtain from the fitting are 165 ± 26 Hz and 145 ± 26 Hz respectively. Based on these exchange parameters, the apparent kD for the interaction between the 5' end of the RNA and the cap structure is very low and the energy involved (∆ = − (
) ) is 0.081 ± 0.15 kcal/mol.
The error in ΔG is large (twice the measured value), which is due to the large uncertainties in the determined KonC and KoffC rates. Importantly, the small ΔG value is in good qualitative agreement with the small intrinsic binding energy (ΔG i = --0.98 ± 0.17kcal/mol) that we determined for the Rrp4 cap. Figure  14 | Experimental and back--calculated NMR spectra during the addition of RNA to the periphery mutant Rrp4--exosome. 1D traces extracted from the 2D NMR spectra (red dots; experimental data) superimposed on the spectra that are back--calculated based on the determined exchange parameters (blue lines). All residues and all spectra have been simultaneously fitted to determine the associated exchange parameters. Note that less residues are used here, compared to the fitting of the WT enzyme as residues that are close to the periphery of the enzyme don't display CSPs and are thus omitted from the fitting routine.
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Supplementary Figure 16 | Relation between ΔG i and ΔG 0 Consider the situation above, where a protein (grey) contains two binding sites for a ligand (red). For the system described above ∆ !" ! , ∆ ! ! and ∆ ! ! can be determined experimentally. These are the free energies of binding of the ligand to sites A and B simultaneously, to site A only and to site B only, respectively. From that we calculate the intrinsic binding energies for site A:
The ∆ ! values are larger (more negative) when the two binding sites influence each other in a constructive manner and they are lower (less negative) when the two binding events influence each other unfavorably 23, 24 , as illustrated below. First, in the case the ligand is rigid, one binding event can position the other interface optimally for the second interaction. In that scenario, only the first binding step includes an entropic penalty (the ligand will loose degrees of freedom upon complex formation in the first binding step). We here refer to this energetic penalty as ∆ ! . When calculating ∆ ! ! and ∆ ! ! (as defined above) the term ∆ ! is cancelled out (∆ !" ! , ∆ ! ! and ∆ ! ! contain the same amount of ∆ ! ).
As a result ∆ ! ! + ∆ ! ! < ∆ !" ! (the sum of the intrinsic binding energies is more negative than the free energy of binding). Second, in case when the ligand is highly flexible, both the first and second binding event needs to overcome an entropic barrier (∆ ! ). The loss of entropy for the interaction of the ligand when bound to both site (A and B; twice a ∆ ! term) is thus larger than it is for the interaction with site A only or with site B only (only one ∆ ! term). The extracted ∆ ! ! and ∆ ! ! values are, in that scenario, thus less negative by ∆ ! . When ∆ ! is the same in all steps, ∆ ! ! + ∆ ! ! = ∆ !" ! Third, in it is possible that a flexible ligand is forced to adopt a high--energy structure to interact with both sites. In that case, the interaction of a flexible ligand with the second site is energetically less favorable when the first site is already bound (due to strain in the fully bound ligand). In that case, the first binding event will need to overcome an entropic barrier ∆ ! , however, the second binding event will need to overcome both a ∆ ! barrier and an additional energy barrier (that is required to induce the higher energetic conformation in the ligand). The extracted ∆ ! ! and ∆ ! ! values are then less 
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negative by one ∆ ! term and by the energy cost related with the unfavorable structure of the ligand. ∆ !" ! , on the other hand, contains two ∆ ! terms and the energy term that relates to the unfavorable conformation of the fully bound ligand. In this case ∆ !" ! < ∆ ! ! + ∆ ! ! (the sum of the intrinsic binding energies is less negative than the free energy of binding). The magnitude of the sum of the intrinsic binding energies with respect to the total free energy of binding can thus provide insights into the mode of interaction between the ligand and the protein. In our current case, where a highly flexible RNA ligand interacts with the exosome, we have a situation where
From that we conclude that there is tension in the RNA molecule when it interacts with all 4 interactions sites in the exosome.
